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Stratospheric aerosol has long been seen as a pure mixture of sulfuric acid and water. Recent measurements, however, found a
considerable carbonaceous fraction extending at least 8 km into the stratosphere. This fraction affects the aerosol optical depth
(AOD) and the radiative properties, and hence the radiative forcing and climate impact of the stratospheric aerosol. Here we
present an investigation based on a decade (2005–2014) of airborne aerosol sampling at 9–12 km altitude in the tropics and the
northern hemisphere (NH) aboard the IAGOS-CARIBIC passenger aircraft. We ﬁnd that the chemical composition of tropospheric
aerosol in the tropics differs markedly from that at NH midlatitudes, and, that the carbonaceous stratospheric aerosol is oxygen-
poor compared to the tropospheric aerosol. Furthermore, the carbonaceous and sulfurous components of the aerosol in the
lowermost stratosphere (LMS) show strong increases in concentration connected with springtime subsidence from overlying
stratospheric layers. The LMS concentrations signiﬁcantly exceed those in the troposphere, thus clearly indicating a stratospheric
production of not only the well-established sulfurous aerosol, but also a considerable but less understood carbonaceous
component.
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INTRODUCTION
Discrepancies between measured and modeled climate evolution
occurring in recent years1,2 have largely been attributed to limited
understanding of natural climate variations, mainly the inter-
decadal Paciﬁc oscillation,3 solar forcing4 and volcanic aerosol in
the stratosphere.5 An improved understanding of the strato-
spheric aerosol load and the associated radiative forcing6–8 is thus
of great importance for climate predictions.
In the Brewer-Dobson circulation (Fig. 1) air from the tropical
upper troposphere (UT) enters the tropical stratosphere. After
transport for months to years in its lower or upper stratospheric
branches, the air is transported down to the lowermost strato-
sphere (LMS), and, eventually back to the troposphere, at mid and
high latitudes. This circulation induces a seasonal variation of
concentrations of species in the LMS, where species formed in the
stratosphere, like ozone and particulate sulfur, display a distinct
spring maximum.9,10 As a result, the stratospheric inﬂuence on the
LMS varies over the year with strong inﬂuence in the winter/spring
and weak inﬂuence during summer/fall.11,12 The Brewer-Dobson
circulation is complemented by a tropical/subtropical intrusion of
tropospheric air (green arrow in Fig. 1) in the summer and early
fall13,14 forming the so-called Asian tropopause aerosol layer
(ATAL).15 The latter transport path is estimated to contribute 15%
of the northern hemisphere (NH) stratospheric aerosol surface
area column during periods when the inﬂuence from volcanism is
small.16 In approximately the same period as studied here, several
volcanic eruptions increased the global stratospheric aerosol
optical depth (AOD) by on average 40%.17
The stratospheric aerosol contains a large fraction of sulfuric
acid and water, a carbonaceous fraction and some minor
components of extraterrestrial or tropospheric origin.18–21 The
carbonaceous aerosol is mainly organic10 with a small fraction of
black carbon.22,23 Wildﬁres supply signiﬁcant amounts of organic
material to the stratosphere,24 together with other sources such as
biogenic and anthropogenic emissions. Sulfurous aerosol is
formed in the stratosphere mainly from the gaseous precursors
carbonyl sulﬁde (OCS) and sulfur dioxide (SO2).
25,26 Studies that
deal with formation of organic aerosol in the stratosphere are few,
although some infer stratospheric implications from laboratory
studies.27–29 Most of the observations of organic aerosol instead
have been obtained in the troposphere or in laboratory
experiments.30,31 Primary organic aerosol (POA) and volatile
organic compounds (VOC) are oxidized in the atmosphere. The
resulting reduction in vapor pressure of the latter causes
formation of secondary organic aerosol (SOA). The oxygen-to-
carbon ratio (O/C) is often used as a measure of the degree of
oxidation of organic aerosol. Several studies of organic aerosol in
the planetary boundary layer yield molecular O/C ratios in the
range 0.2–0.8.32,33 Molecules with even higher ratios have been
produced in the laboratory.34 They can play an important role in
early stages of new particle formation.35 Oligomerization con-
stitutes an additional path of lowering the vapor pressure to form
SOA. Photochemical aging of the organic aerosol induces
fragmentation, which could be a signiﬁcant sink of organic
aerosol.36,37 Large differences in terms of chemical composition,
residence times and actinic ﬂux between the lower troposphere
and the UTLS preclude a direct application of these results.
This study is based on ten years of aerosol samples taken during
monthly sets of usually four intercontinental ﬂights of the IAGOS-
CARIBIC observatory.38 During post-ﬂight analysis the aerosol
elemental composition is obtained. Periods strongly affected by
volcanic eruptions were excluded in this study, see the methods
section for further details. Here we investigate the composition of
the aerosol in the NH midlatitudes LMS and UT and the middle
troposphere (MT) of the tropics, focusing on the formation of
sulfurous and carbonaceous aerosol in the stratosphere.
RESULTS
Tropical and NH aerosol concentrations at 9–12 km altitude
The sulfurous and carbonaceous components of the aerosol at
9–12 km altitude are investigated based on concentrations of the
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elements sulfur, carbon and oxygen. The former two elements
represent the two main aerosol components, sulfurous and
carbonaceous aerosol, whereas oxygen usually is the largest
constituent by mass and part of both main components. Figure 2a
shows extratropical UT aerosol elemental concentrations. For
some months the UT data are left out, because of insufﬁcient
statistical signiﬁcance due to small numbers of samples. For sulfur
and oxygen, we ﬁnd a clear spring/early summer maximum in
concentration associated with the strong stratospheric inﬂuence
on the extratropical UT sulfurous aerosol concentration.11 The
carbon concentration, which is dominated by organic aerosol
constituents, peaks in the summer (Fig. 2a). In the tropical MT (Fig.
2b) carbon rather than oxygen is the most abundant element,
compare the UTLS regions presented in Fig. 2. Further, particulate
sulfur is clearly lower than in the extratropical UT, consistent with
a very small stratospheric inﬂuence in the tropics. The tropo-
spheric concentrations will be discussed further.
The LMS concentrations are studied in two layers (Fig. 1). The
lowest layer (1.5–5 PVU), Fig. 2c, constitutes approximately the
extratropical transition layer (ExTL), where the concentrations are
affected by fast air exchange across the local tropopause.39 The
upper layer (5–12 PVU), Fig. 2d, is much less affected by local
cross-tropopause exchange. The concentrations of all three
elements are higher in the LMS than in the extratropical UT,
compare Fig. 2a with Fig. 2c, d. The highest concentrations are
found in the upper LMS layer, as the lower layer is more affected
by tropospheric air. All three elements display a clear seasonal
variation in both LMS layers with maximum concentration in the
late spring (Fig. 2c, d), carbon differing by prolonged high
concentrations over the summer. Sulfur and oxygen, and, to a
lesser extent carbon, are at minimum concentration in fall in the
upper LMS layer, whereas the lower layer has a broader fall
minimum. The winter/spring rise in concentrations are caused by
extratropical stratospheric downward transport in the Brower-
Dobson circulation, which at the top of the LMS (380 K isentrope)
maximizes in the winter.40 The summer decrease in the sulfurous
aerosol concentration in the upper layer is connected with a
weakened downwards transport in the Brewer-Dobson circulation
and a seasonally varying exchange around the subtropical jet with
maximum in summer and early fall, transporting tropospheric air
into this layer.41 The delayed decline in the carbon concentration
is likely caused by summertime inﬂuence from wildﬁres,42
increasing the concentration of carbonaceous aerosol in the
LMS,23 and the formation of the ATAL.11,16,43 The concentrations in
Fig. 1 Schematic sketch of the vertical circulation of the upper
troposphere and lower stratosphere (UTLS). The tropopause
separating the troposphere and the stratosphere is indicated by a
solid black line, and the top of the lowermost stratosphere (LMS), at
the potential temperature surface of 380 K, by a dashed black line.
The blue lines illustrate the net troposphere-stratosphere circulation,
where tropospheric air enters the stratosphere in the tropics, is
transported to higher latitudes in the low and high branches of the
Brewer-Dobson circulations, where, in the latter, the so called Junge
aerosol layer is formed. Air is transported back to the troposphere
via the LMS at mid and high latitudes. The green lines show the net
summer intrusion of tropospheric air due to a weakened blocking at
the subtropical jet, enhanced by the Asian summer monsoon, where
the Asian tropopause aerosol layer (ATAL) is formed. The purple
arrow indicates the bi-directional exchange across the tropopause
forming the extratropical transition layer (ExTL). The red features
show the sampling locations of this study in the tropical middle
troposphere (MT), the extratropical upper troposphere (UT), and the
LMS in the potential vorticity ranges 1.5–5 PVU and 5–12 PVU
Fig. 2 Seasonal variation in aerosol elemental concentrations.
Particulate sulfur (S), carbon (C) and oxygen (O) concentrations (3-
month running average, center month given at the x-axis) at
9–12 km altitude are shown for: a the upper troposphere in latitude
range 30–65° N, b the middle troposphere in the latitude range 18°
S–18° N, c the lowermost stratosphere (LMS) in the potential
vorticity (PV) 1.5–5 PVU and latitudes 30–65° N, and d the LMS in the
PV range 5 –12 PVU and latitudes 30–65° N. Thick and thin error bars
show the geometrical standard error and the 95% conﬁdence
interval of the geometrical mean, respectively
B.G. Martinsson et al.
2













the lower LMS layer are affected both by transport of lower
concentrations from the upper layer and by a downwards
movement of the tropopause during fall,40 which incorporates
tropospheric air into the LMS.
Aerosol composition along the Brewer-Dobson circulation
After the investigation of the aerosol elemental concentrations in
the four regions (Fig. 2), we now turn the attention to the aerosol
composition. To this end, two ratios of aerosol elemental
concentrations are formed: carbon to sulfur (C/S), and oxygen to
sulfur (O/S). These ratios show strong dependence on sampling
location, implying vast differences in chemical composition, see
Fig. 3. The data are presented as three-month moving geometrical
means together with annual and, in one case, semiannual means.
The tropical MT aerosol shows the highest C/S and O/S ratios, each
mean exceeding those of all other regions. With annual average
mass ratios C/S of 4.3 and O/S of 3.6 (the O/S mass ratio of sulfate
is 1.99), the tropical region, with strong biogenic44 and wildﬁre45
emissions, is the only part of the atmosphere investigated here
that is not dominated by sulfurous aerosol. The lowest C/S and O/S
appear in the LMS with mean C/S and O/S mass ratios of 0.9 and
2.2, thus expressing the importance of sulfurous aerosol in the
stratosphere. The extratropical UT has a composition in between
those of the tropical MT and LMS compositions, but is more
oriented towards the latter. This is in line with the previous ﬁnding
of a strong inﬂuence of stratospheric aerosol on the extratropical
UT aerosol.11,46
Sulfate is the dominating form of the sulfurous aerosol in the
atmosphere.47,48 To further evaluate Fig. 3 we make the
assumption that all the particulate sulfur is in the form of sulfate
by assigning four oxygen atoms to each sulfur atom. The residual
oxygen (Or) is assigned to the carbonaceous fraction. In Fig. 3 lines
with various ratios of residual oxygen to carbon are displayed. The
tropospheric measurements are found around a line with mass
ratio Or/C= 0.37, whereas the stratospheric ones hold a clearly
lower residual oxygen-to-carbon ratio with the lowest ratio in
winter/spring (Or/C mass ratio of 0.18) when the inﬂuence on the
LMS from the overlying stratosphere is strongest. Realistic
alteration of the sulfurous aerosol composition has a small
inﬂuence on the inferred organic composition. A change in the
tropical composition, which is the most likely location due to the
strong sulfate production in the stratosphere, to 95% sulfate and
5% MSA (methanesulfonic acid) would cause a minimal change in
the residual oxygen-to-carbon mass ratio (Or/C), from 0.37 to
0.375. The LMS samples from the periods most affected by
volcanism (not shown here) tend to be oriented similar to the
winter/spring LMS data in the C/S–O/S space (Fig. 3). In the
previous section we found that the proportions of the sulfurous
and carbonaceous fractions of the aerosol varies greatly with
location. Here we ﬁnd that the average chemical composition of
the main chemical compounds in the stratosphere is different
from that of the extratropical UT and tropical MT, the former being
shifted to an oxygen-poor carbonaceous aerosol.
DISCUSSION
Finally, we compare concentrations in several regions along the
troposphere/stratosphere vertical circulation illustrated in Fig. 1. At
latitudes of stratosphere-to-troposphere outﬂow, we have data
from two LMS layers and the UT. To study the inﬂow to the
stratosphere the best option available is to use data from the
tropical MT to represent the tropical aerosol entering the strato-
sphere. In Fig. 4 the concentrations in these four regions along the
troposphere/stratosphere vertical circulation is shown. For the
extratropical layers the months when the stratospheric inﬂuence on
the LMS aerosol is at maximum (spring; AMJ) and minimum (fall;
SON) are shown, and for the tropical MT the annual mean is used.
Ozone is a good example of a species with strong production in the
stratosphere (Fig. 4a). Particulate sulfur shows a similar pattern, with
concentrations in the tropics more than an order of magnitude
lower than those in the upper layer of the LMS (Fig. 4b), consistent
with the well-established production of sulfurous aerosol in the
stratosphere.25,26 This production affects the oxygen concentrations
too (Fig. 4d). Furthermore, Fig. 4c shows that the carbon
concentrations in the LMS are clearly higher than in the tropical
MT. This indicates production of carbonaceous aerosol in the
stratosphere, or direct injection of carbonaceous aerosol into the
stratosphere as observed from wildﬁres.24,42,49 Laboratory studies
show that photo degradation could affect SOA budgets by a loss
rate of at least 1% per 24 h with considerably higher rates in the
stratosphere leading to the prediction that photo degradation
efﬁciently depletes organic particles from the stratosphere.29
Modeling indicates a tropospheric photolytic loss rate of 40–60%
of SOA mass over 10 days for most species.50 Due to the low
probability of cloud formation the aerosol transport times in the
stratosphere are much longer than in the troposphere. Aerosol from
wildﬁres is dominated by organic compounds by mass.51 A recent
study on the evolution in the stratosphere of the smoke from 2017
western Canadian wildﬁres found a reduction of the smoke life time
of 40% attributed to photochemical loss of organic carbon.52 Due to
a delayed arrival of the smoke to altitude range investigasted,52 that
study may not fully include approximately the ﬁrst month of smoke
evolution. To further illuminate this process in the stratosphere we
use two graphs from published papers: the aerosol from the August
2017 western Canadian wildﬁres (Peterson et al., their Fig. 4b),42
and the upper volcanic cloud from the Kasatochi eruption in August
2008 (Friberg et al., their Fig. 8b, 380–470 K).17 These aerosol clouds
reached approximately the same altitude in the same season, when
the extratropical downward transport in the Brewer-Dobson
circulation is weak.40 The wildﬁre shows decline already within
the ﬁrst two weeks. The volcanic aerosol, dominated by sulfate,20
was still increasing the ﬁrst 3 months due to formation of sulfate
from sulfur dioxide and size distribution evolution, and shows
Fig. 3 Aerosol composition. The mass concentration ratios of the
aerosol particle components oxygen to sulfur (O/S) Vs. carbon to
sulfur (C/S). The inset magniﬁes the region with data from the
lowermost stratosphere (LMS). Three-month running geometrical
mean of the elemental ratios are used for measurements from the
LMS in two potential vorticity intervals, the midlatitude upper
troposphere (UT), the tropical middle troposphere (MT), annual
averages of the three atmospheric parts, and half-year averages of
the LMS. The four lines (“model”) show the positions of organic O/C
ratios, assuming sulfur in the form of sulfate (i.e., four oxygen to
each sulfur atom). Thick and thin error bars show the geometrical
standard error and the 95% conﬁdence interval of the geometrical
mean, respectively. The molar O/C ratio is 0.75 times the O/C ratio
by mass
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overall a considerably longer duration. Photolytic loss, leading to
carbon dioxide as the end product,33 is a reasonable explanation for
this clear difference between the two kinds of aerosol. Despite the
photolytic loss, electron microscopy reveals LMS particles contain-
ing a carbonaceous “framework”.53 Here we ﬁnd higher concentra-
tions deep into the LMS, and enhanced carbon concentration in the
season of strong downward transport to the LMS. Measurements
with the PALMS (Particle Analysis by Laser Mass Spectrometry)
show carbon fractions of the aerosol having only small vertical
variations in a 2–8 km range above the tropopause,54 thus including
our upper LMS layer up to several km above the top of the LMS (Fig.
1). Given the strong increase of the particulate sulfur concentration
with altitude in the LMS and above the LMS,9,55 their results points
to increasing concentration with altitude also for particulate carbon
in line with our ﬁnding. The springtime transport of carbonaceous
aerosol from overlying parts of the stratosphere into the LMS holds
concentrations clearly exceeding those of the tropical MT. This
indicates a direct-injected deep reservoir from wildﬁres, which
however likely is subjected to strong photochemical loss, and/or
that formation of carbonaceous aerosol takes place in the
stratosphere during years of transport in the upper branch of the
Brower-Dobson circulation. The latter explanation is supported by
our evidence on the composition of the carbonaceous fraction of
the stratospheric aerosol, which is found to be oxygen-poor
compared with the tropospheric aerosol.
The composition and formation of the stratospheric aerosol is
more complex than generally assumed. Besides the commonly
recognized sulfurous aerosol, we ﬁnd clear indications for the
formation of a considerable fraction of organic aerosol. This
increases the stratospheric aerosol load and its climate impact. It
should be noted that highly acidic conditions are known to
promote brown carbon (BrC) formation,56 characterized by strong,
wavelength-dependent absorption of visible light that could affect
climate model predictions and interpretations of data from
satellites. Future studies are needed to understand the composi-
tion and the sources of the carbonaceous fraction, the resulting
optical properties of the stratospheric aerosol and its climate
impact.
METHODS
We present results based on measurements from the IAGOS-CARIBIC
observatory (In-service Aircraft for a Global Observing System – Civil
Aircraft for Regular Investigation of the atmosphere Based on an
Instrument Container) where measurements of a large number of trace
gases, aerosol particle properties like size distributions and composition
are conducted during monthly sets of usually four intercontinental
ﬂights.38 The measurements are undertaken from a specially modiﬁed
Lufthansa Airbus A340-600 in the altitude range 9–12 km during ﬂights
between Germany and South-east Asia, India, Southern Africa, South
America or North America. Here the focus is on the aerosol chemical
information obtained by post-ﬂight analysis of collected aerosol samples.
The aerosol sampler contains 14 sampling channels for sequential aerosol
collection along the ﬂight routes, usually with a sampling time of 100min
per sample. It is based on impaction of particles onto thin (0.2 µm)
polyimide ﬁlms (Proline-10 from Moxtek Inc.). The sampler was thoroughly
calibrated, having the collection efﬁciency 97% ± 4% and a lower cut-off
aerodynamic diameter of 0.08 µm.57 A cyclone separator is used to deﬁne
the upper size limit to 2 µm with the penetration 100% ± 3% for particles
smaller than 1 µm. The samples are analyzed by two accelerator-based
methods, PIXE (Particle-Induced X-ray Emission) and PESA (Particle Elastic
Scattering Analysis),58 to obtain the concentration of a large number of
chemical elements. These analytical methods are insensitive to the
chemical environment of the atoms, implying that the total concentration
of each element is obtained. This study deals with three main aerosol
particle components: carbon (C) and oxygen (O) analyzed by PESA, and
sulfur (S) analyzed by PIXE. The analyses are undertaken in high vacuum at
room temperature which, compared to the atmospheric concentrations,
leads to losses of volatile organic aerosol constituents.59,60 Recent
measurements ﬁnd considerable quantities of ammonium nitrate in the
Asian summer monsoon anticyclone.61,62 If present in our samples, that
compound most likely will be lost to the gas phase in the IAGOS-CARIBIC
sampling line because of the elevated temperature (30 °C) compared with
atmospheric conditions at 10 km altitude and the resulting dry conditions
(<0.1% relative humidity). The PIXE/PESA analyses have been compared
with integrated particle size distributions from the IAGOS-CARIBIC optical
particle size spectrometer60 with positive outcomes. The uncertainty in the
elemental analyses are estimated to be 10%, and the combined sampling
and analytical uncertainties are 12%.60
In this study two layers in the LMS are investigated: the lowest layer
range from the dynamical tropopause, deﬁned here at 1.5 PVU, to 5 PVU,
and the upper layer spans 5–12 PVU. Potential vorticity (PV) values are
obtained from ECMWF analyses on model levels by bilinear interpolation in
the time and space to the location of the IAGOS-CARIBIC aircraft. All LMS
samples used in this study were taken in the latitude range 30–65°N.
Fig. 4 Concentrations along the Brewer-Dobson circulation. Spring
(AMJ) and fall (SON) geometrical mean concentrations in the NH
midlatitude upper troposphere (UT) and two potential vorticity
intervals of the lowermost stratosphere (LMS), and annual geome-
trical means of the tropical middle troposphere (MT) for a ozone,
b particulate sulfur, c particulate carbon and d particulate oxygen.
Thick and thin error bars show the geometrical standard error and
the 95% conﬁdence interval of the geometrical mean, respectively
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Samples taken in the extratropical UT in the same latitude range were also
used in this study. Data from the middle troposphere (MT, 9–12 km) in the
tropics (latitude range 18°S–18°N) are also part of this investigation. Some
samples contain aerosol from more than one of these atmospheric parts. In
order to reduce inﬂuence from cross-talk between the groups an initial
screening was undertaken. Samples in the UT are required to be, besides
having an average PV of less than 1.5 PVU, sampled less than 20% of the
time in PV > 1.5 PVU and less than 3% in PV > 3.5 PVU. Due to the strong,
close to linear gradients in concentration against PV in the LMS9 somewhat
leaner requirements were used to screen the LMS data, besides being on
average within the PV boundaries, at least 60% of the sampling time
should be in the LMS. The samples used in this study were taken in the
time period 2005–2014. In this period the conditions in the LMS varied due
to inﬂuence from volcanism.8,17 To avoid effects of strong variability in the
data set, only periods of relatively weak volcanic impact were used. The
eruptions of Kasatochi (Aug. 2008), Redoubt (Mar.–Apr. 2009) and Sarychev
(Jun. 2009) led to exclusion of data from Aug. 2008 until a break in IAGOS-
CARIBIC measurements that started in Oct. 2009 and lasted until Jun. 2010.
The next eruptions to cause unusually high aerosol concentrations in the
LMS were those of Grimsvötn (May 2011) and Nabro (Jun. 2011), leading to
exclusion of data from Jun. 2011 until Jun. 2012. In addition, the eruption
of Rabaul (Oct. 2006) induced very high concentrations for the season in
Dec. 2006.10 Data from that month was not used either. After eliminating
data strongly affected by volcanism the data set comprises 350 samples.
The number of samples are 120 for the lower and 101 for the upper LMS
layer. Due to the strong stratospheric inﬂuence on the extratropical UT,11
periods strongly impacted by volcanism were removed in the same way as
described above for the LMS data. The extratropical UT data set comprises
60 samples. Because of the weak stratospheric inﬂuence on the tropical MT
all data available were used, except three samples that were measured
directly in recently uplifted volcanic cloud from an eruption of Nyamurgira
in Nov. 2011.60 The number of tropical samples used in this study is 69.
The frequency of detection varied among the chemical elements
studied. For sulfur and oxygen, we always obtained detection, i.e., 100%
detection frequency. Due to strong inﬂuence from the carbon-rich
sampling substrate (polyimide) the detection frequency of carbon is
lower,58 being, for the tropical MT, the NH extratropical UT, LMS 1.5–5 PVU
and LMS 5–12 PVU, 74%, 63%, 85, and 93%. The concentrations of various
groups were described by the geometrical mean and standard deviation.
From these parameters and the number of samples, standard error and
double-sided 95% conﬁdence intervals were computed. This was
straightforward for oxygen and sulfur. For carbon a log-normal distribution
was ﬁtted to the fraction of the data that was detected, while samples
without detection were present in the ﬁtting procedure as blanks below
the lowest concentration of the distribution. Ratios between two elements
is based on the geometrical averages of the elements and their covariance.
Each geometrical mean given here is based on at least eight detections,
with the additional constraint of detection in at least 50% of the samples.
To obtain high statistical signiﬁcance in monthly means, a 3-month sliding
averaging technique was used.11 All particle data in this study are provided
for STP conditions (standard pressure (1013.25 hPa) and temperature
(273.15 K)).
The samples of the LMS are taken in a strong concentration gradient
related to PV.9 When studying seasonal variation of LMS data a method to
obtain the same average PV among the different month was used, to avoid
bias from seasonal variability in PV. Data points with the lowest or highest
PV are eliminated depending on whether the average PV should increase
or decrease to obtain the average. The procedure resulted in average PVs
of 3.54 ± 0.005 PVU and 6.32 ± 0.004 PVU of the lower and higher LMS
layer, where the uncertainties indicate the respective seasonal variation
after the elimination procedure in the form of standard deviations.
The ozone concentrations presented are obtained from a fast
chemiluminescence instrument and an accurate, dual-beam UV-photo-
meter aboard the IAGOS-CARIBIC observatory. The estimated accuracy is
2% for 10 Hz measurements.38,63
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